Abstract. In this review I will give a brief overview of the latest observational constraints on the structure and dynamics of protoplanetary disks, with a particular emphasis on the topic of the conference: vortices.
Introduction
The topic of this conference is vortices in protoplanetary disks. There are various theoretical arguments to support that such vortices should be present in protoplanetary disks, and if they do, they may play a crucial role in the process of planet formation. But do they indeed exist in protoplanetary disks? The only way to find out is to look for them in real protoplanetary disks: the dusty disks surrounding many T Tauri and Herbig Ae stars. This is, however, not an easy task. Most nearby young stars are located in the nearby molecular cloud complexes at distances of around 100 parsec. An entire protoplanetary disk of 50 AU radius would then be an object of a mere 1 arcsecond in diameter on the sky. With a ground based 8-meter class telescope with adaptive optics, observing at λ = 3µm wavelength, and assuming one has a perfect coronograph to blend out the stray light of the star, one obtains a resolution of θ = 1.22λ/D = 4.6 × 10 −7 radian, which amounts to 0.1 arcseconds, meaning that one has just 10 resolution points over the entire disk. At longer wavelengths, which is more interesting from an observational point of view because one can then observe the thermal emission from the disk itself, the resolution goes down, leaving, for instance, just 3 resolution points at λ = 10µm. At millimeter wavelengths we could use the new Atacama Large Millimeter Array (ALMA) interferometer: With baselines of (in the future) up to 16 km at wavelengths down to 350 µm we will obtain a maximum spatial resolution of about 0.005 arcseconds, though this resolution will presumably only be available in the final stages of ALMA construction and under exceptionally good weather and baseline projection conditions. Current resolving capabilities of ALMA (cycle 1) are around 0.1 to 0.2 arcsecond. This little exercise shows that it is extremely challenging to study substructure in protoplanetary disks. Our quest for finding and studying vortices in these disks is therefore not an easy task.
Making it even harder is the fact that vortices may not have easy to recognize signatures. The motion of the gas, detectable through the doppler shift of e.g. CO rotational lines, will not deviate dramatically from simple Kepler rotation. The vortex rotation is a subtle, subsonic motion on top of the Keplerian motion. This is difficult to detect. The molecular weight of CO (m CO = 28 m u ) is about 12 times larger than that of the mean molecular weight of the gas ( m 2.3 m u ), meaning that the thermal broadening of CO lines (a th = √ 2kT/m CO ) is about 3.5 times narrower than the a e-mail: dullemond@uni-heidelberg.de isothermal sound speed (c s = √ kT/ m ). This means that one could, if one has perfect observations and the disk is nearly edge-on, measure deviations from Kepler rotation down to about 0.4 times the isothermal sound speed. Any deviations from Kepler rotation that are substantially subsonic are thus hard to detect. A more promising way to detect anti-cyclonic vortices is simply by looking for the corresponding density enhancement (see e.g. the study by [1] ).
In this brief review I will, from this point onward, focus on dust continuum observations of protoplanetary disks. It is impossible to be complete, and it is therefore unavoidable that I will make subjective choices in references.
Resolved millimeter continuum observations
Because dust opacities for small dust grains tend to be higher at optical and infrared wavelengths than at millimeter wavelengths, and protoplanetary disk models (e.g. [2] , [3] ) predict such disks to be very optically thick at optical and infrared wavelengths, it is easier to spot density enhancements at millimeter wavelengths. It is only relatively recently that the sensitivity and spatial resolution of millimeter continuum observations are high enough to see deviations from "standard" disk models. In a series of papers, Andrews et al. (e.g. [4] ) studied the radial distribution of matter in protoplanetary disks in this way. They concluded that most disks were consistent with the simple viscous accretion+expansion scenario of Lynden-Bell & Pringle ( [6] , see also [7] ). These models are simple powerlaw models with an exponential cut-off at large radii, and they are solutions to the time-dependent equations of viscous evolution of accretion disks. The models fitted through the observations show that there appears to be enough matter in the planet-forming regions of these disks to create a solar system equivalent. However, it is important to remember that these observations, done with the Submillimeter Array (SMA) in Hawaii, lack the spatial resolution to make strong statements on this. Rather, they fit the emission at scales of > 20 AU and extrapolate inward according to the Lynden-Bell & Pringle model. With ALMA it will be possible to better resolve the inner disk regions, typically down to scales of a few AU.
Not all disks around T Tauri and Herbig Ae stars follow the simple Lynden-Bell & Pringle model. Some disks appear to have their inner regions removed: they appear to lack dusty material inward of some radius. These are called "transition disks", because they are believed to be disks in a further stage of evolution: in a transition phase between protoplanetary disk and young planetary system. It should be kept in mind, however, that this nomenclature is based on an assumption. There is, so far, no definite proof yet that these transition disks are indeed a transition phase between disk and planets. At any rate, the relatively few known transition disks have become extremely popular targets for observations. Originally only identified by their lack of near-infrared emission (e.g. [8] ), they are now routinely seen as donut-shaped objects in millimeter maps (e.g. [9] , [5] ). It is not clear what physical processes cause these disks to have such a huge inner hole and appear as rings on the sky. It could perhaps be an advanced stage of EUV-driven photoevaporation, following the "UV-switch" model of Clarke et al. ( [10] ) and subsequent papers. But it might also be caused by a massive planet that holds back material from the outer disk from entering the inner disk. However, as Zhu et al. ( [11] ) showed, this scenario may require more than just 1 planet, and may not explain the near-perfect absence of dusty material inside some of these transition disks. However, Rice et al. ( [13] ) and Zhu et al. ([12] ) propose that while a planet may not be effective enough to hold back the accreting gas, it might be able to hold back the dust. This would lead to a dust-poor inner disk, which might explain these transition disks.
Millimeter observations have also found deviations from axisymmetry in some transition disks and some normal disks. The first discovered case of such an asymmetry was AB Aurigae, which appeared 01001-p.2
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to have a huge lopsided peanut-shaped emission at 1.4 millimeter ( [14] ). Many of the transition disk donuts also seem display asymmetries of this kind, tentatively seen in the images of [9] and [5] mentioned above. More convincing evidence is about to be published by several teams, but at the time of this writing these publications are not yet out. Regaly et al. ([15]) , however, have shown that such peanut or banana-shaped rings can be readily explained as arising from a huge Rossby-wave-induced vortex. This Rossby-wave instability can be triggered by the presence of some obstacle in the accretion flow of the gas in the disk. This obstable can be a planet or, as in Regaly's paper, a sudden jump in the viscosity coefficient, leading to a pile-up of material in a ring around the star, which, if the radial density gradients become too large, becomes Rossby unstable. While initially multiple vortices are formed, the simulations show that eventually a single huge banana-shaped vortex remains. If we allow dust to get trapped in this vortex, the contrast of millimeter continuum emission along the ring and in radial direction can even be boosted by a large factor, leading to a very pronounced banana-shaped emission region. Whether the observed banana and peanut-shaped continuum maps are indeed due to this process remains to be proven, but it is exciting that we may already be seeing the first evidence of vortices in disks.
Resolved infrared scattered light observations
Near-infrared images of protoplanetary disks show scattered light: the stellar radiation being scattered into our direction by dust grains in the surface of the disk. Using such observations to trace inhomogeneities in the mass distribution in the disk could be problematic, because we expect the disk to be optically thick at these wavelengths. We thus see only the structure of the surface layers of the disk, not necessarily the material at the midplane. However, if for some reason the disk is not so optically thick as we expected (for instance due to grain growth or simply due to lack of material in these regions), then also scattered light can give clues to the distribution of matter in the disk. In addition to that, scattered light can trace the gradient of the matter density (dΣ/dr) in an indirect way, because a gradient of matter surface density Σ leads to a gradient in the height of the disk, and as a result, to a change in the amount of starlight captured by the disk (a flat disk captures less starlight than a flared disk -a simple geometric argument, see [2] ).
Inhomogeneities in scattered light images of protoplanetary disks have been observed already for some while. The most prominent example is the disk around AB Aurigae, which shows clumps, spirals etc. (e.g. [16] , [17] ), but AB Aurigae is a special case, because it is still surrounded by an infalling envelope. Very recently, however, a number of interesting images of transition disks have been obtained with the Subaru telescope. For instance, the star HD142527 displays a huge but very narrow ring of scattered light at roughly the radius where also the millimeter ring is known to exist ( [18] , [19] ). This ring is a little bit bumpy, i.e. it is not an exact ring. It is very tempting to speculate that this ring is caused by trapped dust in the pressure trap caused by the inner hole in the gas, and that the perturbations are perhaps caused by a planet that perturbs the Keplerian motion of the dust particles.
Outlook
With ALMA now online and continuing to be expanded and improved, we can expect major new discoveries on the issue of inhomogeneities and non-axisymmetries in protoplanetary disks. However, also ALMA has its limitations. It is going to be a major challenge to observe small-scale vortices (vortices on scales of an AU or less), but when the full ALMA array is online it might just be possible to observe and study intermediate-scale (few AU) vortices. Infrared interferometry (e.g. with the 01001-p.3
